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CHAPTER 1

INTRODUCTION

1.1

Multipath Interference Problem

In tracking low-elevation targets, a radar receives the direct-path target signal
as well as indirect-path signals that are reflected from surfaces surrounding the
radar, such as the earth’s surface. The reflected signals return to the radar at
approximately the same time as the target signal, and the signals constructively and
destructively combine to form one received signal. The received signal is tracked in
order to determine the target angle, which is no longer a representation of the true
target angle. This angle error is due to the reflected signal interference, which is
commonly referred to as multipath interference [2].
The elevation angle track is most affected by the signals reflected by the
surface when a target is tracked within a beamwidth of the earth’s surface. The
reflected signals enter the mainlobe and significantly contribute to the combined
signal received by the radar, which results in erratic angle tracking and can cause
complete loss of track [2]. Multipath mitigation techniques are required to improve
the angle track. At elevations of greater than a few beamwidths above the earth’s
surface, the reflected signals enter the sidelobes and do not result in significant
1

angle error [2]. Therefore, standard tracking methods are used to provide accurate
angle tracking. In order to observe significant multipath, this thesis considers only
multipath that enters the mainlobe.
The primary purpose of this thesis is to analyze the low-elevation tracking
problems associated with significant multipath interference. Therefore, an angle
tracker is simulated to track a low-elevation target as it flies toward the radar at
constant speed. The radar operates over a flat, smooth earth that reflects the target
signal via an indirect path. The reflected signal is received by the radar at about
the same time as the direct-path target signal and introduces specular multipath
interference in the angle tracker. Specular multipath is a single multipath
interference source that significantly disrupts the angle track.
The angle tracker considered in this thesis is receive-only and operates on
continuous wave (CW) signals. The tracker uses monopulse methods to compute
the angle errors and a servo track loop to produce the angle track. The angle error
and track outputs are plotted and analyzed in Chapter 3 for multiple radar
frequencies. The correlation between frequency and angle error is observed.
In addition to the angle track analysis, the multipath effects in range tracking
were also investigated as part of this thesis research. The range tracker assumes
digital processing a linear frequency modulated (LFM) pulse signal. The tracker
uses a split-gate tracking method to compute the range errors. Also, the analog
servo track filter used with the angle tracker is replaced by an α − β filter. The
range error and track plots are presented in Chapter 4. The multipath interference
does not significantly disrupt the range track. Therefore, a combined range and
2

angle tracker was simulated to determine the interaction of the angle and range
errors on the track performance. The combined tracker assumes digital processing
and tracks the target via the return pulses. The range and angle trackers use α − β
filters. The range error, angle error, range track, and angle track plots are presented
and discussed in Chapter 4.

1.2

Research Requirements

Significant research related to multipath effects in angle tracking was
conducted before the angle tracker model was simulated. Many papers and text
books were discovered regarding multipath interference in communication systems,
such as cellular systems [3], [4], [5]. However, detailed sources relating multipath
interference and radar systems were limited. Therefore, analysis related to
simulation results provides the majority of this thesis study.

1.3

Thesis Organization

Chapter 1 introduces the primary goal of the thesis and the problem
statement. The multipath scenario and tracker models are introduced.
Chapter 2 contains a general description of multipath interference. The
detailed multipath scenario graphic is presented and described. In particular, this
chapter provides detail regarding the problem of low-elevation tracking in the
presence of multipath.
Chapter 3 consists of the primary goal of this study. The material presents
the angle tracker model. The components of the tracker are described. The tracking
3

process is described from the signal returns entering the radar to the angle track
outputs. The simulation outputs are used to analyze the multipath interference
effects in the low-elevation angle track.
Chapter 4 contains a discussion of the range tracker. The tracker model is
described, and the range error and track outputs are plotted. In particular, the
multipath effects in range tracking are analyzed. Since the relationship of the range
and angle track errors was of interest, a combined range and angle tracker model
was also simulated. The combined tracker model and outputs are described in this
chapter.
Chapter 5 introduces multipath mitigation techniques used to reduce the
effects of multipath interference in low-elevation angle tracking. Several techniques
are discussed in [6], and three were chosen for simulation. The results are analyzed
and compared in this chapter.
Chapter 6 summarizes the multipath interference analysis and provides future
analysis suggestions.

4

CHAPTER 2

MULTIPATH INTERFERENCE

Multipath interference is described as the propagation of a wave arriving at a
detector from more than one source [6]. In radar, multipath interference occurs
when the propagated wave intersects and reflects from the earth and large
man-made structures, such as buildings and bridges. The radar receives both the
direct-path returns from the target’s reflection of the propagated wave and the
indirect-path returns from the obstructions.
Since most radar applications include the earth’s surface, this thesis analyzes
the surface as the single interference source. The surface causes two target tracking
problems, clutter and multipath interference. Both types are primarily located
between the radar and the target. While clutter is responsible for backscattering
reflections of the radar’s propagated signal, multipath consists of forward scattering
of the return signal from the target. In flat, smooth surface scenarios, there are
weak backscattering effects and strong forward scattering effects [6]. For this study,
multipath is the only interference type considered.
There are two types of multipath interference, specular and diffuse. In the
case of specular multipath, the propagated wave reflects from a flat and smooth

5

surface. Diffuse multipath occurs when the propagated wave reflects from a rough
surface and causes many reflected signals [7]. In many circumstances, the surface is
smooth with small irregularities, producing both specular and diffuse multipath [8].
Only specular multipath was considered in this study.

2.1

Specular Multipath Interference

Specular multipath interference can be treated as a special case of the
two-unresolved targets scenario described in [9]. At low altitudes, the radar will
receive not only the direct target return but also a specular reflection from the
earth’s surface. This reflected signal has a phase of 180 degrees and a magnitude
approximately equal to the incident signal, which are due to the reflection plane
wave properties from a smooth dielectric surface. The direct target return and
reflected signal arrive at the radar at approximately the same time and coherently
sum in the radar, which causes perturbations in the angle track of the target.
When a target is within a beamwidth of the horizon, specular multipath
interference causes significant error in angle tracking [6]. These error effects are
deterministic in that they can be determined with knowledge of the radar
parameters and the multipath geometry. Therefore, the results can be computed.

2.2

Flat, Smooth Earth Model

A geometrical model of a multipath scenario, which consists of a radar, a
single aircraft target, and earth, was used for this study. For simplicity, the earth’s
surface is considered flat and smooth. In this study, the target is positioned at 10
6

km in ground range and flies towards the radar at a low altitude. The radar is
designed to provide an angle track on the target. However, specular multipath
interference causes the track to be erratic.

Figure 2.1: Single Aircraft and Image Positions Relative to the Radar

As observed in Figure 2.1, the radar’s propagated wave reflects from the
target and travels back to the antenna via the direct path. This is the desired target
return. Also, the radar’s propagated wave reflects from the earth’s surface and
creates an indirect-path return from the target to the radar. This signal is an
undesired target return that causes specular multipath interference in the angle
track.

7

When analyzing the single reflection source of the earth’s surface, the antenna
boresight, the target, and the surface reflection point lie in the same vertical plane.
Thus, the angle track of the target in azimuth is unaffected by the specular
multipath interference. Therefore, this study analyzes the interference effects in
elevation angle tracking only [10].
Figure 2.1 shows that the target is located at an altitude of 92 m, a ground
range of 10 km, and an angular position of 0.5 degrees above boresight. Also, the
phase center of the antenna is at a height of 5 m above the earth’s surface, which is
considered flat and smooth as previously discussed. For mathematical analysis
purposes, this reflected signal can be considered to originate at the same ground
range as the target but below the earth’s surface at a depth equal to the target
altitude. According to [6], this location is commonly referred to as the image. The
actual range difference between the target and image is very small. However, this
path-length difference causes a phase difference between the direct and indirect
return signals that will affect angle measurements of the target. As the target flies
toward the radar, the path-length difference changes. This results in phase changes
that cause the signals to constructively and destructively combine.
If the direct-path range is assigned the variable Rd and the indirect-path
range is assigned Ri , then their path-length difference is

∆R = Ri − Rd =

p

R2 + (ht + ha )2 −

8

p
2ht ha
R2 + (ht − ha )2 =
,
R

(2.1)

where R is the ground range from the radar to the target; ht is the target height;
and ha is the antenna height (see Figure 2.1). The approximation in (2.1) is used for
cases where R  ht , ha , which is applicable in this study. The phase difference
between the target and reflected signals is


∆φ =


2π
∆R,
λ

(2.2)

where λ is the radar wavelength.
A complex form of the indirect signal was required for further analysis. The
indirect signal amplitude is less than that of the direct target signal, because the
antenna gain is less along the indirect path than the direct path. Also, the indirect
signal is modified by the earth’s reflection coefficient Γ, which is

Γ = ρejφ

(2.3)

where ρ is the amplitude, which is typically less than unity. However, an amplitude
of unity is used for this study for simplicity. The phase, φ, is the phase shift on the
reflected signal due to the process of reflections from the earth. A phase shift of π
radians was assumed for this study and is consistent with specular multipath
discussions in [6].
The following equations introduce the summation of the direct and indirect
signals. The antenna is simplified to a parabolic dish to simplify the equations. The
9

linear array shown in Figure 2.1 will be discussed and modeled in the following
chapter.
In general, monostatic radar tracking multipath affects both the transmitted
signal and the return signal from the target. However, only the return signal path
was considered to simplify the problem in this study. This approach is equivalent to
assuming that the radar is tracking a beacon signal radiated by the target. It is
expected that extending this research to both the transmit and receive case will not
appreciably change the results presented in Chapters 3 and 4. However, this should
be evaluated in future research.
It is assumed that the normalized signal radiated by the target is

VT (t) = ej2πf t ,

(2.4)

where f is the radar carrier frequency. Complex signal notation is used, because this
simplifies the notation. Also, it is assumed that the signal is continuous wave (CW).
This is adequate for the angle analysis of Chapter 3. In Chapter 4, this signal will
be extended to a pulsed signal since this is appropriate for range tracking.
Given the transmit signal of (2.4), the normalized direct path signal at the
radar is


Vd (t) = VT

Rd
t−
c

10



2π

= ej2πf t ej λ Rd ,

(2.5)

where c is the speed of light. The second exponential is the signal’s spatial phase
related to the distance traveled by the wave from the target to the antenna.
The normalized indirect signal is



2π
2π
Ri
= ρejφ ej2πf t ej λ Ri = ejπ ej2πf t ej λ Ri .
Vi (t) = ρe VT t −
c
jφ

(2.6)

In (2.6), the aforementioned assumption of ρ = 1 and φ = π was used. The
combined signal that is received by the radar is



2π
2π
V (t) = Vi (t) + Vd (t) = ej2πf t ej λ Rd 1 + ej (π+ λ (Ri −Rd )) ,

(2.7)

which results in


2π
V (t) = ej2πf t ej λ Rd 1 − ej∆φ .

2.2.1

(2.8)

Geometrical Analysis
Figure 2.1 illustrates the initial track geometry of this study. The target is

located at θt degrees above the antenna boresight. The image is located at θr
degrees below the antenna boresight. Both the target and image are located at the
same ground range R of 10 km.
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In order to analyze significant results of the multipath interference on angle
measurement, the target was placed at a low altitude above the earth’s surface. The
target altitude was chosen such that the elevation angle θt is half of a degree at R =
10 km. Therefore, the target angle is

θt = 0.5deg,

(2.9)

ht = R · tan (θt ) = ha + R · tan (θt ) = 92m.

(2.10)

and the target height is

The image is located at −ht or -92 m. Therefore, the angle location of the image
from the antenna, which includes the height of the antenna, ha , of 5 m, is

θr = arctan

−5 − 92
−ha − ht
= arctan
= −0.556deg.
R
10, 000

(2.11)

The actual radar range to the target is

Rt =

q

2

(ht − ha ) +

R2

q
= (92 − 5)2 + (10, 000)2 = 10, 000.4m.

12

(2.12)

The image position in range is

q
q
2
2
Rt = (ht + ha ) + R = (92 + 5)2 + (10, 000)2 = 10, 000.5m.

(2.13)

Since the paths are different lengths, the two signal returns have a phase
difference. The overall phase difference of the two signals is affected by three things:
(1) the path-length difference (the difference in the lengths of the direct and indirect
signal paths), (2) the phase change of the reflected signal that occurs in the process
of reflections, and (3) the phase difference, if any, of the fields radiated by the radar
in the direct and indirect signal directions. The path-length difference changes as
the target approaches the radar. As indicated earlier, the phase change of the
reflected signal is assumed to be π radians in this thesis research. The field
intensities of the two paths are assumed to be equal. Thus, there is no phase
difference associated with the relative field strength difference between the target
and the reflected signals.

2.3

Estimate of Tracking Error

Prior to simulating the angle tracker, an estimate of the expected tracking
error was desired. Therefore, the multipath scenario was equated to the
well-established, two-unresolved target analysis that was provided in the multipath
research for this thesis [6]. In the two-unresolved target case, two targets are closely
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spaced and cannot be resolved in angle. Just as described for the multipath case, the
radar receives the target signals at approximately the same time, and the received
signals constructively and destructively combine in the radar. Therefore, the track
is distorted and does not indicate the true angular position of either target.
The following analysis introduces the two-unresolved target case, which is
then equated to the multipath case. The monopulse tracking process is introduced
here but will be further discussed in the Chapter 3. To begin, the monopulse output
of a single target in the absence of interference sources is

∆
= km θ,
Σ

(2.14)

which is the normalized angle error signal in a single coordinate; θ is the off-axis
angle of the target that is expressed in beamwidths of the sum beam; and km is the
angle error slope. To extend this equation to the combined signal of two-unresolved
targets, the monopulse sum and difference signals from each target is required. For
the first target, the monopulse sum is Σ1 and the difference is ∆1 . Likewise, the sum
is Σ2 and the difference is ∆2 for the second target. The angle error signal for each
target becomes

∆1 = km θ1 Σ1

14

(2.15)

and

∆2 = km θ2 Σ2 ,

(2.16)

where θ1 and θ2 are the angular positions of the two targets. The indicated angle
measurement is

θc =

1 ∆
1 ∆1 + ∆2
θ1 Σ1 + θ2 Σ2
=
=
km Σ
km Σ1 + Σ2
Σ1 + Σ2

(2.17)

as proved by [6]. By dividing the right side of (2.17) by Σ1 and substituting the
ratio of the sums by a phasor representation, such as

Σ2
= aejφ ,
Σ1

(2.18)

where a is the amplitude ratio, and φ is the relative phase of the two target signals,
the indicated angle measurement becomes

θc =

θ1 + aejφ θ2
.
1 + aejφ

(2.19)

To rewrite the equation in the form of the angular midpoint, θm , and the angular
separation, ∆θ, both
15

θ1 + θ2
2

(2.20)

∆θ = θ1 − θ2

(2.21)

θm =

and

are substituted into (2.19), which yields [6]

θc = θm −

∆θ 1 − aejφ
.
2 1 + aejφ

(2.22)

In order to relate the two-unresolved target problem to the low-elevation
target problem, the same symbols related to Figure 2.1 are used. In Figure 2.1, the
beam axis was considered to be at the target location. However, the beam axis is
not generally located at the target when the angle measurement is made in the
presence of multipath according to [6]. Therefore, an angle θ0 regarding the
difference between the beam axis and the antenna boresight is considered for the
following equations. Thus, the target angle becomes

θT = θt − θ0 ,

16

(2.23)

and the image angle is

θI = −θt − θ0 .

(2.24)

By substituting (2.23) and (2.24) into the indicated angle equation (2.19) for the
unresolved target case and setting a = ρ, the complex indicated angle for the
multipath case becomes

θc = −θ0 + θt

1 − ρejφ
,
1 + ρejφ

(2.25)

1 − ρ2
,
1 + 2ρ cos φ + ρ2

(2.26)

where the real part is

x = Re (θc ) = −θ0 + θt

and the imaginary part is

y = Im (θc ) = −θt

2ρ sin φ
,
1 + 2ρ cos φ + ρ2

(2.27)

where ρ is the amplitude ratio of the two signals, which is assumed to be unity for
this study. According to [6], the imaginary portion of this equation is required for
phase comparison monopulse, which is the angle tracking technique used in this
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study. Therefore, the following equations will be used to determine a value for
(2.27). First, the relative phase must be determined. It is the sum of two phase
components,

φ = φs + φp ,

(2.28)

where φs is the phase of the surface reflection coefficient, and φp is the phase
relative to the path-length difference between the target and reflected signals.
According to [6], the second phase component related to a long-range target, which
allows the target reflection to the radar and the target reflection to the earth’s
surface to be considered parallel, at low-altitude is approximately


φp = −4π

ha
λ




sin θt = −4π

5
0.06


sin 0.5 = −9.14deg,

(2.29)

where ha is the antenna height and λ is the radar wavelength. As indicated earlier,
φs is π for this study, and the relative phase is thus


φ=π

180
π


+ φp = 180 − 9.14 = 170.86deg.
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(2.30)

To determine the value for the indicated angle, the relative phase, φ, of (2.30),
the target angle, θt = 0.5 deg, and ρ = 1, are substituted into (2.27). The resulting
indicated angle for the initial target track is


θc = −0.5

2 sin (170.86)
2 + cos (170.86)


= −0.157deg.

(2.31)

According to (2.31), the indicated angle is located near the centroid between
the target and image and not the target position at initial track. According to [6],
angle tracking of the centroid is expected in the presence of significant multipath
interference. Therefore, the initial track of the model results in the Chapter 3 is
expected to be near the centroid and not at the target’s true angular position.
An estimate of the indicated angle as the target flew inbound was desired.
Therefore, a simulation was conducted that set the target in motion towards the
radar at a constant speed, 250 m/s, and altitude, 92 m. The target was measured
every 25 m as it flew from 10 to 2.5 km in ground range. At each sample, the target
angle, θt , was computed using


θt = arcsin

(ht − ha )
R


.

(2.32)

As the target angles changed, the values for the relative phase changed as well
and were computed using (2.30) and (2.31). The phase values were then input to
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(2.27). The resulting plot of indicated angles versus ground range is shown in Figure
2.2.
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Figure 2.2: Indicated Angles of the Target in Multipath

Although the indicated angles fluctuate between −∞ and ∞, Figure 2.2
contains only a portion of the indicated angle amplitudes from -8 to 8 degrees about
boresight. The fluctuations indicate the measured angles will probably fluctuate
between upper and lower peaks as the target approaches the radar.

2.4

Conclusions

This chapter provided a definition of the multipath phenomenon and an
introduction of the effects of multipath interference in angle tracking. In
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low-elevation tracking, a radar receives both a direct target signal and reflected
multipath signal in the mainbeam. This interference source can significantly
degrade the angle track accuracy. The true target position will no longer be tracked.
Typically, the radar will trend toward the centroid of the target and image angle.
However, in extreme cases the radar will completely lose the target and begin
tracking the target’s image [6].
This study focuses on specular multipath, which can be analyzed with a
deterministic approach. Specular multipath was chosen for simplification of
modeling and calculations as well as its significant angle error effects. In this
chapter, well-established equations associated with the two-unresolved targets in
angle problem were equated to the multipath problem of this study. This analysis
was performed to provide some indications of the multipath effects in angle tracking
prior to the angle tracker simulations of Chapter 3. Based on the results, angle
track oscillations between upper and lower peaks are expected in the simulation
results. The oscillations are expected to be large and slow in the initial portion of
ground range flown by the target toward the radar and then become smaller and
more rapid as the target flies above a beamwidth of the boresight.
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CHAPTER 3

ANGLE TRACKING IN THE PRESENCE OF MULTIPATH
INTERFERENCE

3.1

Multipath Interference Model

The primary goal of this thesis is to analyze significant angle errors associated
with low-elevation target tracking in the presence of multipath interference.
Therefore, a radar was simulated to track a low-altitude airborne target that is
initially located at 0.5 degrees above the antenna boresight and flies toward the
radar at a constant altitude. It is assumed that the earth is smooth, flat and is a
perfectly conducting surface as explained in Chapter 2. Since the target is flying at
low altitude over a smooth earth, specular multipath interference is present. In this
study, the radar uses a monopulse tracking method to track the target in angle in
the presence of a single specular multipath source, the target’s signal reflected from
the earth’s surface.
Since the radar tracks a target within a beamwidth of the horizon, the
direct-path target signal and the target signal reflected from the earth are processed
simultaneously. In this case, multipath interference significantly distorts the target
track. As aforementioned, the angle track becomes erratic and can result in
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complete loss of target track. In this chapter, these assertions are demonstrated
through simulations.
Since the goal of this thesis was to only analyze significant multipath tracking
error, the simulated radar performs angle tracking in elevation and neglects tracking
in azimuth. Also, range is neglected in this model, because this simulation only
considers CW signals. Multipath effects in range tracking were of interest and are
discussed in the following chapter.
Figure 3.1 contains a block diagram of the tracking model used in this study,
and the following sections are used to describe the functions of each block. This
tracker model consists of: (1) modeling the radar, specifically the antenna and
receiver; (2) the servo filter; and (3) the angle track output. The target and image
scenario of Figure 2.1 is used.
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Figure 3.1: Monopulse Tracking Model

In this study, a low-altitude target with initial ground range of 10 km is
tracked as it flies towards the radar at constant altitude, 92 m, and speed, 250 m/s.
The tracker outlined in Figure 3.1 is simulated to produce angle tracking
measurements of the target throughout its flight. Although not indicated in Figure
3.1, both the direct target signals and indirect target signals reflected from the
earth’s surface are received by the radar. These combined inputs are in angle units.
The radar uses monopulse processing on these inputs and outputs the angle errors
in units of volts. The servo filter follows the radar in the track loop. The angle
errors are filtered and smoothed by the servo filter, and its outputs remain in units
of volts. These outputs were required in the form of angles units in degrees for the
beam-steering angle inputs to the radar. Thus, a feedback gain was required to
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convert the angle error measurements from units of volts to degrees as shown in
Figure 3.1. In conclusion of the track loop, the radar receives the beam-steering
angles in units of degrees, subsequently repositions the radar’s sum and difference
beams, and makes new angle error measurements of the target at each sample
period [11].
The following sections describe the components of the tracker and their
associated functions. Detail is provided regarding the monopulse processing method
and servo filter design. Initially, the target is assumed to be stationary and
subsequent monopulse measurement plots are presented. Then the target is set in
motion in the simulation section, and the angle track outputs of Figure 3.1 are
plotted and described.

3.2

Target Tracking Radar

The primary purpose of a radar is to examine the environment and to capture
target parameters that are required to drive a tracker. In this study, the radar was
operated as receive-only to simplify the analysis. In essence, this study considers
that the radar was tracking a beacon located on the target. Since only angle
tracking was required, CW signals were assumed for simplicity as well. Also, the
radar operated with a carrier frequency of 5 GHz, which is the mid-range of
frequencies associated with tracking radars [9].
In this study, the radar receives target inputs and uses monopulse processing
to determine the associated angle errors. As shown in Figure 3.2, the radar
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primarily consists of the antenna, receiver, and the monopulse processor. The
following sections describe these components in detail.

Figure 3.2: Angle Tracking Radar Model

3.2.1

Linear Phased Array Antenna
The radar model, see Figure 3.2, uses a linear phased array antenna that was

chosen to be consistent with modern radar design. Figure 3.2 shows that the array
was split into two equal halves so as to implement phase comparison monopulse,
which is the type of monopulse used by all phased array antennas. An array of
eighty elements and uniform weighting was chosen to achieve a narrow beamwidth
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of approximately 1.24 degrees, which is near the typical 1 degree beamwidth of
tracking radars according to [6]. Also, the spacing between the antenna elements
was chosen to be half-wavelength, which is consistent with standard spacing and
avoids grating lobes from entering the observable space [9].
In the model, the linear phased array antenna of Figure 3.3 is assumed to use
transmit/receive (T/R) modules, which are shown in Figure 3.4. This antenna type
is known as an active electronically steered antenna (AESA) and was chosen to
represent modern radars and to be more simplistic to analyze than other antenna
options, such as parabolic dish antennas [9]. Figure 3.4 shows that a standard T/R
module consists of the final transmitter power amplifier (PA), the receiver low-noise
amplifier (LNA), the phase shifter, and a programmable attenuator.
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Figure 3.3: Linear Array Antenna
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Figure 3.4: T/R Module [1]

Table 3.1: Antenna Parameters
Operating frequency

5 GHz

Amount of elements

80

Element spacing

λ/2 m

Height of antenna phase center

5m

Beamwidth

∼ 1 degree

Element weighting

Uniform

Element type

T/R module

Using the parameters of Table 3.1, the antenna pattern was plotted in Figure
3.5 to measure the half-power beamwidth (HPBW). First, the HPBW was
estimated as
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HPBW = 0.886

λ
N d cos (θ0 )




= 0.886

0.06
80 · 0.03 · cos(0)


= 1.26deg

(3.1)

as proved by [9], where λ is the wavelength; N is the number of elements; d is the
distance between antenna elements; and θ0 is the beam steering angle, which was set
to zero since the beamwidth is measured at boresight. Second, the antenna pattern
of the array was computed using

A(θ) =

N
−1
X

an ej(2πnd sin θ)/λ

(3.2)

n=0

of [12], where an are the illumination and beam-steering weights and θ is the
elevation angle from -15 to 15 degrees. The normalized antenna pattern is defined as


R(θ) = 10 log

|A(θ)|2
max (|A(θ)|2 )


,

(3.3)

which is plotted in Figure 3.5 for the case where all an equals one (uniform
weighting, beam steered to zero degrees). Using this normalized antenna pattern,
the HPBW was measured to be approximately 1.24 degrees, which is only 0.02
degrees lower than the estimate of (3.1). Of note, this value does not place the
target location at half-beamwidth above boresight as described in many multipath
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analyses discovered in this thesis research, such as [6] and [10]. Elements could have
been added to the antenna model in order to make the beamwidth closer to 1
degree. However, simulation and analysis were simplified by assuming an even
number of elements. In summary, the target is located within a half-beamwidth
above boresight. Specifically, the target angle is at 0.5 degrees above boresight,
which is 0.1 degrees less than half-beamwidth, 0.6 degrees.

Antenna Pattern
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Figure 3.5: Antenna Pattern

3.2.2

Receiver and Signal Processor
The receiver is responsible for amplifying the received signals with as little

noise introduced by its own hardware as possible. Also, the receiver down converts
the RF of the received signals to an intermediate frequency, which is manageable by
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the signal processing hardware. Since this study was simulation only, frequency
down conversion was not required.
The first stage of the radar receiver is the LNA, which is used to set the noise
figure (NF) of the radar. The LNA also amplifies the received signal. Since an
AESA is used for this model, an LNA is located at each antenna element. A NF of
5 dB was assumed for this study.

Figure 3.6: Target Returns to Each Antenna Element

The primary purpose of the signal processor is to extract measurable
information about the target. The first stage of signal processing occurs directly
behind the antenna. As shown in Figure 3.6, the target’s echoed signal is received at
each of the antenna’s eighty elements. The signals are summed for each half of the
array. The summation of the upper half is
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AU (θ) =

79
X


|an |e−jnkd sin θ e−j2πf τRTn ,

(3.4)

n=40

and the summation of the lower half is

AL (θ) =

39
X


|an |e−jnkd sin θ e−j2πf τRTn ,

(3.5)

n=0

where |an | are the illumination weights, which are assumed to be unity for all
elements; d is the element spacing; θ is the beam-steering angle; f is the radar
frequency; τRTn is the time delay of the target return to the nth antenna element
(see Figure 3.6); k is a constant equal to 2π over the wavelength. It is important to
note that these signals are complex sums.
The voltage summations of (3.4) and (3.5) were added to form the sum signal
and subtracted to form the difference signal. Specifically, the sum and difference
signal equations are, respectively,

Σ = AU (θ) + AL (θ)

(3.6)

∆ = AU (θ) − AL (θ).

(3.7)

and
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Figure 3.7 contains plots of the sum and difference patterns, |Σ|/max|Σ| and
|∆|/max|Σ| vs θ, respectively. Given that the sum and difference signals are
mathematical computations of the upper and lower voltage sums, they are also
voltage sums.
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Figure 3.7: Sum and Difference Patterns - Static Target Only

Figure 3.7 shows the responses in the difference and sum channels versus the
beam-steering angles, which were swept from -4 to 4 degrees. The peak of the sum
occurs at 0.5 degrees, which indicates the angle from boresight to the target is 0.5
degrees. This target angle was expected since the target was placed at 0.5 degrees
above boresight. The sum signal peaks and the difference signal produces a null at
the target’s position.
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Next, the image is introduced in the simulations. The image signal, which was
discussed in Chapter 2 as the mathematical representation of the target signal
reflected from the earth’s surface, is added to the target signal. As previously
discussed in Chapter 2, the image signal is offset from the target signal in phase by
π radians due the phase change of the reflected wave that occurs in the process of
reflections from the earth. Also, the relative phase between the target and image
depends on the path-length difference between the direct and reflected paths (see
Figure 2.1). The received signals consist of both phase components. Once again, the
received signals are summed for each half of the array to yield

AU (θ) =

79
X


|an |e−jnkd sin(θ) e−j2πf τRTn + e−j2πf τRIn +jπ ,

(3.8)

n=40

for the upper half of the array and

AL (θ) =

39
X


|an |e−jnkd sin(θ) e−j2πf τRTn + e−j2πf τRIn +jπ ,

(3.9)

n=0

for the lower half of the array, where τRTn is the time delay of the target return to
the nth antenna element, and τRIn is the time delay of the image return to the nth
antenna element. The remaining parameters were previously described in (3.4) and
(3.5). These equations show that the image return is summed with the target return
and the associated phase differences regarding the separate range values and
π-phase offset.
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As before, (3.8) and (3.9) were added to form the sum signal and subtracted
to form the difference signal (see Figure 3.2),

Σ = AU (θ) + AL (θ)

(3.10)

∆ = AU (θ) − AL (θ).

(3.11)

and

Sum and difference plots were desired to observe the amount of change caused
by the reflected signal. Once again, the beam-steering angles, θ, were swept from -4
to 4 degrees, and the sum and difference magnitudes were normalized by the
maximum value of the sum magnitude. The sum and difference patterns,
|Σ|/max|Σ| and |∆|/max|Σ| vs θ, are plotted in Figure 3.8.
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Figure 3.8: Sum and Difference Patterns - Static Target and Image

Figure 3.8 shows that the sum signal no longer peaks at the target location of
0.5 degrees. Both the sum signal and difference signal are shifted to the left by 0.5
degrees. Therefore, the indicated target angle is approximately 0 degrees, which is
the centroid location between the target and the image. The new phase of the
received signal no longer depends on the target-only location. Instead, the phase
also depends on the path-length difference between the target and its image as well
as the π-phase shift of the image.
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Figure 3.9: Sum and Difference Patterns - Static Image Only

For completeness, the sum and difference patterns were plotted with the
image as a single target to illustrate the location of the image in angle. As expected,
the sum pattern peaks at -0.5 degrees and the difference pattern has a null at -0.5
degrees as shown in Figure 3.9.

3.2.3

Monopulse Processor
The monopulse processor forms the angle error, which was introduced in

Chapter 2. The primary purpose of the monopulse processor is to form a voltage
ratio of the sum and difference signals that were calculated by the radar’s signal
processor [6]. Therefore, the monopulse processor forms the angle error signal, δ,
where
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δ=

∆
.
Σ

(3.12)

According to [6], the phase between the sum and difference signals using
phase comparison monopulse processing is 90 degrees for an off-axis target, which
suggests the error signal ratio is pure imaginary. For this reason, the imaginary
portion of the complex error signal is preferred for phase comparison
monopulse [6], [10]. Therefore, the angle error signal used in this thesis is


δ = imag

∆
Σ


.

(3.13)

This ratio versus beam-steering angles that are swept from -2 to 2 degrees is
plotted below for the case where only the target signal is present. The resultant
curve that crosses the zero axes in Figure 3.10 is known as the discriminator curve.
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Figure 3.10: Discriminator Curve of the Monopulse Processor - Static Target Only

The plot in Figure 3.10 shows that the error signal is periodic. However, the
portion of interest is located near the boresight. As shown in Figure 3.10, the
discriminator curve goes through zero at the angular location of the target, 0.5
degrees. Since only the target is present, the discriminator curve indicates the true
target position.
Although the discriminator curve of the target alone was of interest, the error
signal associated with the combination of the target and image signals was of
significant interest. The following plot is the discriminator curve with both the
target and image signals present.
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Discriminator Curve of Target and Image
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Figure 3.11: Discriminator Curve of the Monopulse Processor - Static Target and
Image

Figure 3.11 illustrates that the discriminator curve goes through zero at 0
degrees. In comparison with Figure 3.10, the slope remains negative but changes
slightly. Also, the curve shifted to the left by approximately 0.5 degrees. Similar to
the sum and difference patterns of Figure 3.8, the image and target returns
combined and altered the phase of the received signal. Therefore, the true target
angle is no longer present. This plot suggests that the monopulse processor is
working as expected by producing an angle error caused by the reflected signal from
the earth.
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3.3

Track Filter and Feedback Gain

After designing the radar portion of the model, a track filter was required.
There were multiple options to include an α − β filter, an α − β − γ filter, a Kalman
filter, a digital filter, and a continuous-time filter. Because Simulink was the desired
simulation tool for this model, the continuous-time filter was chosen. To further
simplify the design and analysis, a Type-l servo was chosen. A Type-1 servo tracks
a constant input with zero error and a slowly varying input with small error as
desired for this angle tracking model.

Figure 3.12: Angle Tracking Model
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To begin the track filter design, the transfer function was required. As shown
in Figure 3.12, the servo filter required a first-order transfer function, k/(s + a), and
an additional single pole transfer function, 1/s, to provide some control over the
closed-loop bandwidth and transient behavior. The overall transfer function is
similar to that of a low-pass filter in that it provides a smoother error signal by
eliminating rapid fluctuations and passing the longer-duration trends. The overall
transfer function of the servo filter is

G(s) =

k
,
s(s + a)

(3.14)

where k and a are constants. In order to determine the values for constants, the
transfer function was placed in the classical, Type-1 representation of a control loop.
The resulting closed-loop transfer function is

k

k
G(s)
s(s+a)
= 2
F (s) =
=
.
k
1 + G(s)
s + as + k
1 + s(s+a)

(3.15)

It was noted that (3.15) has the same form as the transfer function of a
standard 2nd order control system, specifically

F 0 (s) =

ωn2
.
s2 + 2δd ωn s + ωn2
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(3.16)

By equating (3.16) and (3.15), expressions for k and a in terms of the natural
frequency, ωn , and damping coefficient, δd , are

k = ωn2

(3.17)

a = 2δd ωn .

(3.18)

and

According to [2], a closed-loop bandwidth, fn , of 1 Hz and a damping
√
coefficient, δd , of 1/ 2, which provides an undamped response, are associated with
angle trackers. Therefore, these values were the design goal for this model. Also, the
desired control loop response was expected to have some small overshoot and a
quick settling time for a controlled track loop system.
According to [13], the constant ωn is only equal to a closed-loop control
system’s natural frequency when the system is completely undamped (i.e., δd = 0).
In partially undamped systems, there is a scale applied to the constant ωn to equal
the natural frequency of the system. Therefore, the closed-loop bandwidth was
scaled for this model, resulting in a damping frequency equal to

fd = fn

q
√
1 − δd2 = 1 · 1 − 0.7072 = 0.707Hz.
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(3.19)

Using (3.17) and (3.18) along with the damping frequency instead of the
closed-loop bandwidth, the control loop design resulted with constants k = 6π and
a = 2π. Figure 3.12 depicts the control loop block diagram from Simulink and the
unit step input response plot, which demonstrates the desired performance as
previously described.

Figure 3.13: Servo Loop Unit Step Response

After the radar and servo filter, a controlled element was required to complete
the track loop (see the volts to degrees conversion block in Figure 3.1). The outputs
of the radar were the angle error measurements in units of volts. These
measurements remained in units of volts through the servo filter, but were required
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to be converted to angle units of degrees for the beam-steering angles, which were
fed back to the radar.
From the discriminator curve plot of Figure 3.11, the slope of the curve was
determined to be related to the track loop feedback gain required to convert the
error measurements to degrees. The discriminator slope, δdiscrim , was determined to
be approximately -63 volts/degree. Therefore, the feedback gain was the inverse of
the discriminator slope, GControlledElement = 1/δdiscrim , with units of degrees/volt. As
shown in the angle tracker model of Figure 3.1, the servo filter outputs with units of
volts were multiplied by the feedback gain with units of degree/volts, which
converted the servo filter outputs to beam-steering angles with units of degrees.
These angles were fed back to the radar to reposition the antenna beams for the
next target measurement. Therefore, the radar received both the target inputs and
beam-steering angles in degrees.
The following figure summarizes the signal flow described in this chapter.
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Figure 3.14: Angle Tracker Equation Model

3.4

Simulation Results

As introduced in the beginning of this chapter, the low-altitude target was set
in motion towards the radar. The tracker began producing an angle track on the
target at an initial ground range of 10 km and updated the track every 10 s (or 25 m
in ground range). In summary, the tracking simulation process consisted of (1) the
target and image signals combined before reaching the antenna; (2) the combined
signal was received by the radar at each antenna element; (3) the inputs were
summed for each antenna half; (3) the imaginary portion of the difference and sum
ratio was calculated by the monopulse processor to produce the error signal; (4) the
servo filter smoothed the error signal; (5) the feedback gain converted the servo filter
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output in volts to a beam-steering angle in degrees; (6) the angle was input to the
radar to reposition the antenna beams to the predicted location of the target; (7)
the beam-steering angle was also output to produce the angle track data (see Figure
3.1); (8) a new measurement of the target was made, and the process repeated until
the end of track. The angle track data is plotted and presented in this section.
Figure 3.15 contains output from the angle tracker simulation for several
cases. The target truth data was required as a baseline. This is illustrated by the
solid black line in Figure 3.15. The target track without the image present was
plotted to test the tracker against truth data. This is the dashed red line of Figure
3.15. Of significant interest, the combined track of the target and image was plotted.
This is the solid magenta line of Figure 3.15. Also, the tracker was simulated to
produce an angle track on the image alone in order to observe its nearly symmetric
angular locations to that of the target (the dashed blue curve of Figure 3.15).
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Figure 3.15: Monopulse Angle Track of Target and Image

In Figure 3.15, the antenna boresight is located at 0 degrees on the vertical
axis. As shown by the target truth curve (black curve), the target angle increases as
the distance between the target and the radar decreases. As expected, the
target-only track (red dashed curve) follows closely with the target truth curve, and
the image-only track (blue dashed curve) is nearly symmetric about the antenna
boresight relative to the target track.
In observing the target-only track, the antenna beams are positioned at 0
degrees as track begins and reposition to the target position (see the region in the
green ellipse), because the predicted position has not been produced by the tracker
at the beginning of track. Therefore, the mainbeam is pointed at boresight as track
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begins, and there is a build-up to track. The same is true for the image-only track
and the combined track.
The combined target and image track (magenta line) is the most interesting
plot in Figure 3.15. Large perturbations in the track are observed. There is clear
indication that tracking error exists in this case, because the track no longer follows
the target truth curve or the target-only track. These perturbations are caused by
the signals reflected from the earth’s surface. As previously discussed, the image and
target signals constructively and destructively combine before reaching the radar.
As the target flies inbound, the relative phase between the target signals and image
signals changes and causes the angle track perturbations observed in Figure 3.15.
Figure 3.15 shows that the combined track begins tracking a centroid between
the target and image locations in angle. The centroid is tracked from about 10 to
8.3 km, which is probably due to the initialization of tracking, and again between 6
and 5.5 km in ground range. The track peaks above the true target angle between
the centroid track portions. As the target angle increases to greater than a
beamwidth above the earth’s surface, the angle tracking errors significantly decrease
since the reflected signal is no longer in the mainbeam. Therefore, the track
oscillates much closer to the true target angle from about 4 km to the end of track
at 2.5 km in ground range. As expected, multipath interference in the sidelobes
does not significantly degrade the angle track.
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Angle Track with Sum and Difference Signals
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Figure 3.16: Sum and Difference Signals with the Angle Track

Figure 3.16 contains plots of the sum (red dashed line) and difference (blue
dashed line) signals, which were plotted with the combined angle track (magenta
line) and target truth curve (black curve). These signals were desired to further
analyze the behavior of the combined angle track. As aforementioned, the sum and
difference signals are used to compute the angle errors. Therefore, the sum and
difference plot characteristics provide some characterization of the track
perturbations.
When the target and image signals were in phase, the signals constructively
combined. Thus, the voltage sum across each half of the array was large. In this
case, the large voltage sums of each half of the array were added to form a large
sum signal. Also, the voltage sum of the lower half was subtracted from the voltage
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sum of the upper half, and the difference was small. Therefore, the error signal (i.e.,
ratio of the difference over the sum) was small and caused a lower peak in the track
data. One of these relationships between the sum, difference, and target track is
shown in Figure 3.16 at the beginning of the track (10 to 8.6 km in ground range),
which is partially due to the initialization of track, and another occurs from about
6.2 to 5.8 km in ground range. In contrast, the target and image signals
destructively combined when they were in phase opposition. Therefore, the voltage
sums from each half of the array were small and summed to form a small sum
signal. Since the denominator of the difference to sum ratio is small, the error signal
is much larger. Therefore, the angle track reached an upper peak as observed in
Figure 3.16 at about 8.2 km and 5.4 km in ground range. Towards the end of the
track at about 4 km in ground range, the target is more than a beamwidth above
the boresight. Therefore, the multipath no longer enters the mainlobe; the tracking
error decreases; and the angle track closely follows the target truth curve.
To further analyze how the relative phase affects the combined angle track of
Figure 3.15, the target elevation angle was held constant and the monopulse output
was plotted versus beam-steering angles, which produced a discriminator curve.
Discriminator curves at different ground ranges are plotted in Figure 3.17.
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Figure 3.17: Tracking Equilibrium for 5 GHz Track

Figure 3.17 consists of the discriminator curves that are plotted for target
ground ranges from 10 to 7.75 km, which is the region where the combined angle
track plot begins as a lower peak and changes to an upper peak in Figure 3.15. At
initial track of 10 km, the discriminator curve (blue dashed curve) has a negative
slope just as previously shown in Figure 3.11. These downward curves indicate a
stable track, because the track loop feedback gain is negative. Thus, the track loop
is controlled. As the ground range is decreased, the slope becomes positive and
almost reaches infinity at 7.75 km in ground range (dashed magenta curve). The
positive slopes cause the tracker feedback gain to become significantly positive.
Therefore, the tracker becomes unstable. As shown by the combined angle track at
7.75 km in Figure 3.15, this produces an angle measurement above the target. In
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observing 3.17 and 3.15, a lower peak occurs in the angle track when the tracker is
stable, and an upper peak occurs when the tracker is unstable.
One goal of this study was to observe the conditions that might cause the
track to oscillate about the image-only track rather than the target-only track. In
this case, the radar would begin tracking the image instead of the target. In an
attempt to force this condition, the frequency of the radar was increased from 5
GHz to 20 GHz to achieve a more rapidly changing path-length difference between
the target and the image [14]. Of note, the beamwidth and half-wavelength antenna
spacing remained the same. The antenna size was the only radar parameter that
changed in this frequency analysis. Therefore, the following simulation result only
demonstrates the dependency of angle tracking errors on frequency and neglects any
effects related to beamwidth or antenna spacing change. The resultant plot is
presented in Figure 3.18.
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2
1.5

Angle (degrees)

1
0.5
0
−0.5
−1
−1.5

Target Truth
Target+Image
Image Only
Target Only

−2
−2.5

2

3

4

5

6

7

8

9

10

Range (kilometers)

Figure 3.18: Monopulse Tracking of Target and Image with RF of 20 GHz

As shown in Figure 3.18, the tracker lost track of the target and began
tracking about the image at approximately 7.6 km, and the angle track never
returned to the target. With the frequency increase, the relative phase between the
image and the target rapidly fluctuated as the target flew towards the radar. This
scenario is undesirable in radar operations, and a limited version of this problem has
been observed in an experimental monopulse radar operated by the Naval Research
Laboratory [10].
Just as the discriminator curves were plotted for varying ground ranges of
interest in Figure 3.15, the same was done to further analyze the track behavior
presented in Figure 3.18. The new area of interest occurs where the tracker loses the
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target and begins tracking the image (ground range of 8 to 7 km) in the combined
angle track (magenta line) of Figure 3.18.
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Figure 3.19: Tracking Equilibrium for 20 GHz Track

As shown in Figure 3.19, the slope of the discriminator curve becomes
increasingly positive as the ground range decreases from 8 km (magenta curve) to
7.35 km (black curve). The 7.5 km (red dash curve) plot indicates that the slope
reached positive infinity, which made the tracker loop gain become largely positive.
Thus, the tracker became completely unstable, and the discriminator curve no
longer crossed the zero axis. Instead, the curve crossed a negative angle location,
-1.12 degrees, and a positive angle location, 1.12 degrees, as shown in Figure 3.19.
By observing the combined angle track (magenta line) in Figure 3.18 at 7.5 km in
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range, it is shown that the angle track is positioned below the image. As the ground
range is decreased from 7.25 km (green curve) to 7 km (green dashed curve) in
Figure 3.19, the discriminator curve crosses the zero axis again and returns to a
negative slope. This is where the tracker regains stability but maintains its track on
the image as shown by the combined angle track (magenta line) at these ranges in
Figure 3.18. It is not clear why the tracker began tracking the image. However, the
loop transients may have forced the tracker to the image, and the large positive loop
gain may have encouraged the tracker to continue the track toward the image.
According to [2], a common frequency band associated with air defense
systems is X-band, 8-12 GHz. Therefore, analysis of the radar model operating
within this band is of interest. The following plots are included to determine the
multipath effects on the radar model operating at 10 GHz and 12 GHz in frequency.
To include results for other values of frequencies, the radar was analyzed at 3 GHz
and 30 GHz.
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Figure 3.20: Monopulse Tracking of Target and Image - Frequency Comparisons

The plots of Figure 3.20 illustrate that the behavior of the angle track is
dependent on frequency. The most rapid oscillations occurred at the highest
frequency of 30 GHz (lower plot on the right). There are nearly no noticeable
differences in the 10 GHz and 12 GHz results (upper two plots). As shown in the
lower, left plot of Figure 3.20, perturbations are observed at 3 GHz but the
oscillations are much slower than the 10, 12, and 30 GHz plots. As introduced in
Chapter 2, the phase difference between the direct and indirect signals is dependent
on the radar wavelength, which is dependent on frequency. As the frequency
increased in the Figure 3.20 plots, the rate of change in phase difference versus
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range increased. Therefore, the track oscillations at 30 GHz were much more rapid
than those at 3 GHz.
Thus far in this study, the signal-to-noise ratio (SNR) was assumed to be
great enough not to impact the tracker performance results. However, the track
performance quality regarding target tracking radars depends a great deal on the
SNR of receive signals [9]. Therefore, the tracker model was modified to include a
SNR scale factor of 15 dB at initial track with an R4 increase on the received signals
as the target flew inbound. The plots of Figure 3.20 were recreated to include the
SNR results.
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Figure 3.21: Monopulse Tracking of Target and Image - Frequency Comparisons
with SNR

In comparing the plots in Figures 3.20 and 3.21, SNR only made observable
changes to the 30 GHz track (lower, right plot). The combination of the more
rapidly fluctuating phase as a result of the higher frequency along with the SNR
considered for this study caused the tracker to alternate between tracking about the
target and the image during the first 3 km in ground range flown by the target.
Beginning at about 8.5 km in ground range, the tracker oscillates about the image
and never returns to the target. In conclusion, the SNR assumed for this study
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degraded the combined angle track at the highest observed frequency, which was
possibly due to an inherent performance characteristic of the angle tracker.

3.5

Conclusions

In Chapter 3, a detailed angle tracker model that used monopulse processing
methods was described. A low-altitude target was simulated to approach the radar
in the presence of specular multipath, which was caused by a target signal reflected
from a flat, smooth earth surface. The specular multipath caused erratic angle
tracking, which demonstrates that significant angle error is present in tracking
low-altitude targets within a beamwidth of the earth’s surface. At an average
tracking radar frequency of 5 GHz, the multipath caused significant perturbations in
the angle track. A relationship between the slope of the discriminator curves and
tracker stability was described. When the slope of the discriminator curve was
negative, the track loop was stable, and the tracker steered its beams toward a
centroid between the target and image. In contrast, the tracker reached an upper
peak above the target’s true angle when the slope of the discriminator curve became
positive, which caused the track loop to become unstable.
The tracking perturbations caused by multipath were shown to be dependent
on radar frequency. At higher frequencies, the rate of change in phase difference
versus range increased, resulting in rapidly changing beam-steering angles. In one
example, the radar frequency was increased to 20 GHz, and the tracker lost track of
the target and oscillated about the image. When the image was initially tracked,
the discriminator slope approached positive infinity, and thus the tracker became
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completely unstable. This caused the tracker to oscillate about the image. Then the
discriminator curve returned to a negative slope and the tracker continued to
oscillate about the image. Also, noise was added to the return signals to determine
that the tracker stability was further degraded at a radar frequency of 30 GHz. In
that case, the radar began tracking the image and did not return to the target. The
noise was assumed to affect an inherent performance of the angle tracker, which
caused a degraded angle track.
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CHAPTER 4

MULTIPATH EFFECTS ON RANGE TRACKING

Although angle tracking is the primary characteristic of a monopulse radar,
range measurements are necessary to maintain track on a moving target. The
radar’s range tracker measures the time delay of its propagated signal return from
the target. This time delay is the interval between the radar’s transmitted pulse and
the received echo pulse. The tracker may measure the delay on a pulse-to-pulse
basis or integrate multiple pulses for a group-to-group basis. The radar maintains
track on a moving target by predicting the next range measurement based on the
range tracker output. A derivative of a Kalman filter, the α − β filter, is used to
smooth the measured data [9].

4.1

Split-Gate Tracker

Range tracking can be done using a split-gate tracking method, in which two
range gates are formed, called the early and late gates. Figure 4.1 shows the gates
are designed to be approximately equal to the pulse width of the radar’s transmitted
signal. The range tracker attempts to keep the center of the two gates located on
the return pulse from the target (i.e., echo pulse). However, there can be many
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causes to offset the echo pulse from the center of the two gates [9]. The split-gate
tracker can determine the offset amount and direction of the offset by integrating
the signals in the two gates and subtracting the signals to form the difference error
signal, which is similar to the difference signal formed by the monopulse processor
for angle tracking. The sign of the error signal is used to determine which direction
the center of the gates should move, and its amplitude determines how far to move.
When the error signal is zero, no movement is required.

Figure 4.1: Split-Gate Tracker

A sampling split-gate tracker is similar to the integrating split-gate tracker
described above. However, the range gates act on sampled matched filter (MF)
outputs. In a sampling split-gate tracker, the MF output is sampled at a rate
approximately equal to the bandwidth of the transmitted signal or greater. The
64

samples are typically chosen close to the peak of the MF output to enhance
SNR [9]. Once the early and late gate samples are formed, the tracker subtracts the
late gate sample from the early gate sample to form the difference signal. Also, the
sum signal is formed by adding the early and late gate samples. Similar to the angle
tracker of Chapter 3, the ratio of the sum and difference signals is formed to
calculate the error signal used in the range measurements. The sampled split-gate
tracker is used in this study.

4.2

Range Tracker Model

In simulations of the range tracker in this study, the same linear array radar
with a low-altitude target tracking scenario of Chapter 2 was used to analyze the
multipath effects in range tracking. Also, only the 5 GHz radar frequency of
Chapter 3 is considered in this chapter. However, a split-gate tracker replaced the
angle tracker of Chapter 3. The propagation remained one-way, but the waveform
was changed to a linear-frequency modulated (LFM) pulsed waveform, commonly
used in range tracking radars [9]. Therefore, the received signals were no longer
CW. The range tracker was implemented with a sampling split-gate method, which
was described in the previous section.
The range tracker model primarily consists of a radar to compute the range
error measurements, a track loop gain to convert the error measurement units from
volts to seconds, and an α − β filter to smooth the range errors and calculate the
predicted range measurements for the next target sample. A block diagram of the
range tracker is shown in Figure 4.2.
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Figure 4.2: Range Tracker Model

Following the received signals path in the range model of Figure 4.2, the
target and reflected signals are initially received by the antenna at approximately
the same time. The combined signals are summed across each half of the array. The
voltage sum of the upper half is added to that of the lower half in the sum channel
to produce a combined voltage sum. Then the radar uses a MF to filter the voltage
sum. The MF output is sampled and the sample to the left and the sample to the
right of the predicted range measurement form the early and late gate samples,
respectively. The range error measurement is computed from the ratio of the
difference and sum of the gate samples. Then the error measurement was multiplied
by the inverse of the range discriminator curve slope, which is the gain required to
convert the range errors from units of volts to seconds, in the α − β filter. The
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α − β filter computes a predicted range value using the error measurement in units
of seconds. Then the MF is updated with the predicted range value, which
repositions the early and late gates for the next range measurement.
Similar to the analysis of the angle tracker in Chapter 3, the tracker
components are illustrated in the following sections to further analyze the range
tracking simulation. As shown in Figure 4.3, the radar consists of the antenna, sum
channel, MF, split-gates, and range discriminator that computes the range error
measurements.

Figure 4.3: Range Tracker Radar Model

In the radar model of Figure 4.3, the received signals are summed across each
half of the array to form a voltage sum for the lower and upper halves. The new
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signals for the upper and lower voltage summations of the array with only the
target present are

VU (t) =
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VL (t) =
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where n is the element of the array; f is the radar frequency; k is constant equal to
2π over the wavelength; d is the antenna element separation; θ is the beam-steering
angle; τRTn are the one-way trip delays of the target signal; τT is the pulse width of
the signal; the rect function is the pulse delayed by τRTn and equal in width to τT ,
which is substituted by P in the following equations; and α is the chirp slope (the
amount the signal frequency increases with time) over the pulse width.
The image signal was combined with the direct target signal as done in
Chapter 3. By letting

D = |an |e−jnkd sin(θ) ,
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(4.3)

the voltage summations become
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where τRIn are the one-way trip delays of the image signal that are received at the
nth element of the array.
Then the upper and lower voltage sums, VU (t) and VL (t), are combined in the
sum channel, Σ, just as they were done in the Chapter 3 angle tracker. As shown in
Figure 4.3, the sum channel output was operated on by a MF that was matched to
the transmitted LFM pulse. The MF was implemented with a fast Fourier
transform (FFT) fast convolver. First the impulse response of the MF was
computed as the conjugate of the radar’s pulsed waveform,

jπαt2

h(t) = e


rect
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Then the FFT of the sum signal was computed. The result was multiplied by
the FFT of (4.6). The inverse FFT of the resultant product placed the signal back
in the time domain to produce the MF output.
The model assumes a sample trigger that samples the MF output over a
period equal to the transmitted pulse width, τ , before and after the predicted range
and at a rate of 1.8 times the bandwidth of the transmitted signal. Therefore, the
MF output is sampled about every 0.56τ seconds. At the beginning of track, the
three samples located to the left of the predicted range were summed to form the
early gate measurement. Likewise, the three samples to the right of the predicted
range were summed to form the late gate measurement. After the first five target
measurements, only the first sample to the left formed the early gate measurement
and the first sample to the right formed the late gate measurement. At each sample
of the target range, the error signal was calculated using

Rerror =

Early − Late
.
Early + Late

(4.7)

The range error measurements were computed by the radar and sent to the
α − β filter as shown in Figure 4.2. Also, the error measurements had to be
converted from units of volts to seconds for the α − β filter calculations. Therefore,
the range error, Rerror , was plotted against time to form the range discriminator
curve, and the slope of the curve, δslope , was measured. The inverse of δslope was
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used to convert the units of the error measurements to units of seconds. Thus, the
error signal was multiplied by 1/δslope , and the product was sent to the track filter.
The α − β filter was chosen for this study because it is a simple to implement,
fixed gain form of the Kalman filter for target tracking. Also, the α − β filter is used
in tracking targets with little to no acceleration, which applies to this study.
According to [15], the range tracking form of the α − β filter is represented by the
following set of equations:

Rsmooth (n) = Rpred (n) + α (Rerror (n)/δslope )

(4.8)

Vsmooth (n) = Vpred (n) + (β/dt) (Rerror (n)/δslope )

(4.9)

Rpred (n + 1) = Rsmooth (n) + Vsmooth (n) · dt

(4.10)

Vpred (n + 1) = Vsmooth (n),

(4.11)

where Rsmooth (n) is the smoothed range measurement; Rpred (n) is the predicted
range measurement; Rerror (n) is the range error of (4.7); δslope is the discriminator
curve slope; Vsmooth (n) is the smoothed range rate measurement; Vpred (n) is the
predicted range rate measurement; Rpred (n + 1) is the predicted range measurement
after T seconds (sampling period); and Vpred (n + 1) is the predicted range rate
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measurement after T seconds. According to [9], β and α are the smoothing
constants that are related by

β=

α2
.
2−α

(4.12)

In this model, α was chosen to be 0.7, which falls in the range of 0 ≤ α ≤ 1 that is
used for filter stability [16]. Therefore, β = 0.4 using (4.12).
The predicted range measurement, Rpred (n + 1), was used by the tracker to
reposition the early and late gates for the next range measurement. The smoothed
range estimates, Rsmooth (n), formed the range track output.

4.3

Simulation Results

To analyze the range tracker performance, the target was set in motion
toward the radar, and a range measurement was calculated every 0.1 s for a total of
30 s. The tracker output (see Figure 4.2), which is the predicted range values
calculated by the α − β filter, was plotted for the sampled time for the target-only
case. Also, the range error, target range truth minus the predicted range
measurement of (4.10), was plotted to evaluate the tracker performance without
multipath present. Of note, the range tracker was analyzed for the target in the
presence of noise. The SNR considerations of Chapter 3 were assumed. The target
track and range error results are shown in Figure 4.4 and Figure 4.5, respectively.
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Figure 4.4: Range Track - Target Only
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Figure 4.5: Range Error - Target Only
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30

Next, the image signals were turned back on in the model, and the combined
target and image signals were processed by the tracker. The target track output and
range errors are observed in Figure 4.6 and Figure 4.7, respectively.
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Figure 4.6: Range Track - Target and Image
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Figure 4.7: Range Error - Target and Image

As shown in Figure 4.4, the range tracker tracked the target from 10 to 2.5
kilometers in range. The range tracking error observed in Figure 4.5 indicates that a
small error exists. To ensure that the SNR consideration did not cause the bias, the
tracker was evaluated with no noise but the bias remained. This small bias, which is
an average of 0.08 m, may be due to the accuracy limitations of the α − β filter. The
bias may be reduced with implementation of a more complex track filter, such as an
α − β − γ filter. In comparison with the range resolution, Rres = c/B = 60 m, the
range bias is considered insignificant. The track and error plots of Figures 4.6 and
4.7, respectively, suggest that only a small amount of range error is caused by the
image signals. Figure 4.7 shows that the range error is rapidly fluctuating above and
below zero. However, the error amplitudes are minimal and do not disrupt the track.
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To determine how these error values compare to the range accuracy of the
tracker, a range error accuracy equation was required, such as

2
2
2
σR = σRN
+ σRF
+ σRB

1/2

,

(4.13)

as found in [15], where σRN is the random range measurement error related to SNR;
σRF is the range fixed random error; and σRB is the range bias error. Assuming a
SNR of 15 dB, the random range measurement error becomes

σRN = √

c
3 · 108
∆R
p
= 7.54m,
= √
=
15
2SN R
B 2SN R
5 · 106 2 · 10 10

(4.14)

where ∆R is the one-way range resolution; c is the speed of light in units of m/s; B
is the bandwidth of the transmitted signal; and SNR is the SNR at the beginning of
track [15]. According to [15], the range fixed error can be estimated by

σRF = 0.02∆R = 0.02 ·

c
= 0.02 · 60 = 1.2m,
B

(4.15)

and the range bias error is assumed to be approximately equal to the range bias of
the tracker, 0.08m, for this study. Therefore, the overall range accuracy
measurement at initial track is calculated using (4.14) to be about 7.6 m. This value
adds some means to describe the magnitude of the range error caused by the
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multipath. The average range error is much less than the initial track accuracy.
Further values of the range accuracy were calculated for different ground ranges,
and they were all well over the range error magnitude shown in Figure 4.7.
Therefore, the multipath of this study is determined to cause minimal range error
and does not significantly disrupt the range track.

4.4

Combined Range and Angle Tracker

Most trackers will not only track targets in range or angle but rather in
both [9]. Therefore, a combined angle and tracker model was simulated. The
received signals remain the same as in the previous range tracker model. Also, the
range tracker remains the same, but a new digital angle tracker was required to
operate on the pulsed signals. The new tracker used the same monopulse methods
to measure angle error as introduced in Chapter 3, but the servo filter was replaced
by an α − β filter, which is a better choice for the digital signal processing required
for this study.
The combined tracker primarily consists of the linear array antenna, the sum
and difference channels, two MFs, a range discriminator, a range tracker, an angle
discriminator, and an angle tracker. Figure 4.8 shows a block diagram of these
primary components and the signal flow throughout the tracker.
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Figure 4.8: Combined Tracker Model

Once again the target flew inbound toward the radar from 10 km in ground
range at constant altitude. The radar received both the target and image signals,
and the combined signals entered the linear array. Then the sum signal, Σ, was
formed by summing the voltage signal of the upper half of the array with the voltage
signal from the lower half. The difference signal, ∆, was formed by subtracting the
voltage signal of the lower half from the voltage signal of the upper half.
Next, the sum and difference signals were operated on by separate MFs. As
previously described, the output of the sum channel MF was sampled at the early
and late gates, which were equal in width to the transmitted pulse. The sample
before the predicted range became the early gate output, and sample after the
predicted range became the late gate output. Likewise, the sample at the predicted
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range became the center gate output used by the angle tracker as the sum signal.
Figure 4.8 shows that only the early and late samples were used to calculate the
range errors. The errors were formed using (4.7) in the range discriminator block of
Figure 4.8. The range discriminator outputs were weighted by the inverse slope of
the range discriminator curve. The range tracker was implemented with an α − β
filter, which combined the weighted discriminator outputs with the last predicted
measurement. The predicted range measurement of (4.10) was sent to the MF
following the difference channel and the MF following the sum channel to reposition
the early and late gates required for range tracking and the two center gates
required for angle tracking. The predicted range measurement was also used to
produce the range track outputs. Then the next target measurement was made.
As shown in Figure 4.8, the sum signal, Σ, for the monopulse tracker came
from the center gate output of the sum channel. The difference signal, ∆, came
from the center gate sample of the MF following the difference channel. The angle
error was formed by the imaginary portion of the ratio of the two signals, imag

∆
Σ



.

As aforementioned, the angle tracker used in the combined tracker is different than
the one used in the angle tracker of Chapter 3. Since the combined tracker assumed
a pulsed waveform and digital signal processing, an α − β filter was preferred for the
angle tracker instead of the servo filter of Chapter 3. The α − β filter is similar to
that of the range tracker in that it multiplies the angle error produced by the
monopulse processor with the inverse of the slope of the angle discriminator curve.
The product is sent to the α − β filter, which combines the product and the last
predicted angle measurements to form a new predicted angle measurement. Also,
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the predicted angle measurement is used to reposition the radar beams for the next
angle measurement.
As the target flew inbound, the combined tracker measured the target every
0.1 s for a total of 40 s. The tracker model received and operated on the combined
target and image signals in absence of noise. At each sample, the angle track, angle
errors, range track, and range errors were calculated. The range track (black dashed
line) and the true range positions of the target (red line) are plotted versus time in
Figure 4.9. The range errors, target truth minus the target track, are plotted in
Figure 4.10. The angle track (black line) is plotted with the true angle positions of
the target (red curve) and the true angle positions of the image (blue dashed curve),
which are shown in Figure 4.11. Also, the angle errors, the true target angle minus
the angle track, are plotted versus ground range in Figure 4.12.
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Figure 4.9: Combined Tracker - Range Track with Target and Image
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Figure 4.11: Combined Tracker - Angle Track with Target and Image
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Figure 4.12: Combined Tracker - Angle Error with Target and Image

In previous analysis of the angle-only tracker, the angle track oscillated about
the target positions as shown in Figure 3.15. The angle errors were significant but
the tracker never began tracking the image. Also, the range tracker plots in Figure
4.6 and Figure 4.7 indicated that the multipath did not significantly disrupt the
range track.
In the combined tracker analysis, the range tracker performance of Figure 4.9
is similar to that of the range-only tracker of Figure 4.6 but the angle tracker
performance of Figure 4.11 is degraded from that of the angle-only tracker of Figure
3.15. As observed in Figures 4.9 and 4.10, there are not large errors present in the
range tracker output but the error fluctuations are rapid. Figure 4.11 shows that
the angle tracker lost track of the target and began oscillating its beams about the
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image at about 6 km in ground range. The rapid fluctuations in the range tracker
may have caused the angle tracker performance to degrade, or there may be an
intrinsic characteristic of the combined tracker that caused the angle track to
become worse than the angle-only track.

4.5

Conclusions

The analysis in this chapter shows that the range track of the low-altitude
target of this study is not significantly affected by multipath interference. Rapid but
small range error perturbations were observed that did not degrade the range track.
Also, the range error perturbations were determined to be small in comparison to an
estimate of the range accuracy. Therefore, the low-altitude target was adequately
tracked in range.
Since most tracking radars measure targets in both range and angle, a
combined range and angle tracker was simulated [9]. The performance of the
simultaneous range and angle tracks were of interest. In the combined tracker
analysis, the range errors were lower in amplitude in comparison to those of the
range-only tracker. Similar to the range track of the range-only tracker, the
perturbations due to the errors did not degrade the range track. However, the angle
track of the combined tracker was significantly degraded in comparison with the
angle-only tracker of Chapter 3. The angle track loop of the combined tracker lost
track of the target and began tracking about the image. The angle errors increased
as the target flew towards the target, even as the target flew above a beamwidth
over boresight. Therefore, the tracker beams were steered toward the earth’s surface
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and did not return to the target. The rapidly fluctuating range errors may have
further degraded the angle track, or an inherit tracker performance characteristic of
the combined tracker may have caused the angle track to become worse.
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CHAPTER 5

MULTIPATH INTERFERENCE MITIGATION TECHNIQUES

The purpose of this chapter is to investigate ways to reduce multipath effects
in angle tracking. According to [6], many techniques have been developed or
theoretically studied. They all have advantages and limitations. However, some can
be used in combination to improve elevation tracking accuracy. Although multipath
interference cannot be completely mitigated, these techniques can reduce tracking
errors to improve elevation accuracy at low altitudes.
Some mitigation techniques are applied in the radar design, allowing normal
operation and avoiding further complexity. According to [6], simple design
parameters, such as antenna beamwidth, sidelobe level, and servo bandwidth, can
reduce multipath effects in angle tracking while the radar continues to operate in a
normal mode. In particular, one preferred way to avoid multipath interference is to
design the antenna with a narrow beamwidth so that it does not illuminate the
earth’s surface. However, a narrow beamwidth requires a large antenna or a high
frequency, which may not be consistent with the desired design [9]. Another way is
to design a narrow servo bandwidth to prevent the tracking fluctuations caused by
multipath. As with any design parameter, there is a performance cost associated
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with the narrow servo bandwidth. Specifically, rapid target movements could cause
the tracker to lose the target track. Sidelobe reduction prevents multipath
interference from entering the sidelobes as the antenna steers the mainbeam away
from the surface.
Direct mitigation techniques used to attack the multipath interference require
the radar to operate out of its normal mode [17]. These techniques can provide
additional mitigation benefits in addition to the design methods. According to [17],
methods include frequency agility, low-E mode, and offset-null tracking. In the
frequency agility mode, the target will be measured at multiple frequencies, and the
angle track will result from an average of the different angle error measurements.
The low-E mode is the simplest mode in that the radar does not provide any
distorted elevation information caused by multipath to the angle tracker. Therefore,
the elevation track is disabled, and the radar beams are fixed at a portion of the
beamwidth, commonly at 0.75 beamwidth according to [6]. The idea is that a
constant altitude, inbound target will eventually reach an elevation angle that
permits track. With the offset-nulling technique, the radar simply offsets the
difference pattern null from the sum pattern peak. By placing the sum peak above
the direction of the null, the steep roll-off of the lower portion of the peak will
reduce the image contribution relative to the target contribution in the received
signal [18]. No matter the method, the single goal of a mitigation technique is to
improve the angle accuracy and prevent loss of the target track.
Three mitigation techniques were considered in this research and are
introduced in the following sections. One technique changes the tracker design that
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was introduced in Chapter 3. The other two are direct mitigation techniques to the
tracker. The results are compared and used to determine the best technique for the
multipath scenario in this study.

5.1

Servo Loop Bandwidth

As previously described, the angle error caused by multipath interference is
reduced by decreasing the bandwidth of the servo loop. This method is called
smoothing and is most beneficial when the elevation fluctuations caused by
multipath are rapid. One cause of rapid fluctuations in the angle track is a high
radar RF as shown in Figure 3.20 and Figure 3.21. The effect is not as observable
for slow fluctuations, which are observed in the lower RF, 3 GHz, plots of Figure
3.20 and Figure 3.21. In many cases, the bandwidth must be so narrow that angle
track on maneuvering targets can be lost [6].

5.1.1

Simulation Results
The smoothing mitigation technique was simply implemented in the angle

tracking model of Chapter 3. The servo filter bandwidth was made narrower to
observe the associated track accuracy improvements. A bandwidth of 0.1 Hz
replaced the 1 Hz bandwidth used in Chapter 3. All other radar and tracker
characteristics remained consistent with the model used in Chapter 3 for the 5 GHz
analysis. The angle track results (magenta line) are plotted along with the target
truth curve (black curve) and the true image angles (dashed blue curve) in Figure
5.1.
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Figure 5.1: Monopulse Angle Tracking - Smoothing Technique with 0.1 Hz Servo
Filter Bandwidth

As shown in Figure 5.1, the tracker directs its beams toward the centroid
between the target and image. Then an upper peak begins at approximately 7.6
km. After the upper peak, the angle track follows near the target truth curve but
never reaches it. This indicates that some of the perturbations caused by the
multipath are smoothed by the 0.1 Hz filter bandwidth but not all. Therefore, the
smoothed mitigation technique does not mitigate all multipath interference effects
caused by the image. Instead, the narrow-bandwidth servo loop improves the angle
track by limiting some of the multipath related perturbations.
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To investigate the effect of using a narrower servo bandwidth, the bandwidth
was reduced to 0.01 Hz, and the track plot was recreated. The angle track (magenta
line) is plotted in Figure 5.2.
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Figure 5.2: Monopulse Angle Tracking - Smoothing Technique with 0.01 Hz Servo
Filter Bandwidth

Figure 5.2 shows that the track is significantly smoothed by the 0.01 Hz servo
bandwidth. No perturbations are observed in the angle track plot. However, the
tracker mostly directs its beams toward a centroid between the target and image.
At about 7 km, the track begins to slightly curve towards the target but remains
closer to the centroid and not the true target angles. Therefore, the 0.01 Hz servo
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filter bandwidth improves the track by preventing rapid oscillations in the angle
track but does not provide a true target track.
A target-only track with this bandwidth was also of interest in order to
determine if the 0.01 servo filter bandwidth also filtered out the target’s angular
movements. Therefore, the image signals were removed from the simulation, and
only the target signals were received by the radar. The resultant angle track plot
(magenta line) is shown in Figure 5.3.
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Figure 5.3: Monopulse Angle Tracking of Target Only - Smoothing Technique with
0.01 Hz Servo Bandwidth

The track plot (magenta curve) in Figure 5.3 shows that the 0.01 Hz
bandwidth also removes most of the changes in target angle. In the absence of
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multipath, the use of this method alone may prevent adequate track of the target in
elevation.

5.2

Frequency Agility

According to [6], the angle tracking error caused by multipath can be
significantly reduced by using multiple frequencies. In this frequency agility mode,
the radar changes frequency from an angle measurement period to an angle
measurement period. The radar receives target information at different RFs, and
the angle errors are calculated for each RF. The results are averaged before entering
the tracker. Since the fluctuation rate of the angle errors across the track is
dependent on the radar’s RF as shown in Chapter 3, the angle errors will not be the
same for different RFs. Therefore, averaging of the errors across multiple RF will
essentially average the upper and lower peaks of the angle track. By using this
method, the radar typically tracks a location near the centroid between the target
and image rather than near the target [6]. Although the target track accuracy is not
significantly improved with this method, the radar does not establish track on the
image and large perturbations are avoided.
For significant averaging benefits to occur, a sufficient frequency change is
required. The frequency change affects the relative phase between the target and
the image as well as the angle error signal. Therefore, the phase measurements will
decorrelate. According to [6], the frequency should be changed by at least
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∆f =

c
,
D

(5.1)

where D is the one-way path-length difference between the target and image, which
is

D=

2 · 5 · 92
2ha ht
=
= 0.092m
R
10, 000

(5.2)

as found in [6], for the one-way path at initial track. This method can require a
bandwidth too large to be realizable [19]. In practice, a large bandwidth using a
chirped pulsed signal may be more useful for improving range resolution instead.
Then the target could be resolved in range at low-elevation angles and dependency
on angle track accuracy would be minimized. Of note, only CW signals were used in
this study. Thus, range was not measured and the range resolution is not
applicable. By placing (5.2) in terms of radar bandwidth, B, the bandwidth
required for the frequency agility technique is

B=

c
3 · 108
=
= 3.26GHz,
D
0.092

(5.3)

Therefore, the radar would have to receive target signals over a spread of 3.26
GHz to improve the angle track affected by multipath. If the received signals were
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LFM pulsed signals in this study, the same bandwidth could by covered by the LFM
bandwidth to provide a 0.092 m range resolution. Of note, this required bandwidth
is much greater than the bandwidth of the LFM pulse used in the range tracking
analysis of Chapter 4, which provided a range resolution of only 60 m and could not
be used to resolve the target and image.

5.2.1

Simulation Results
The simulation assumed that the radar could make the angle measurements

with different frequencies before the target changed in angle. First, the target was
measured at a radar frequency of 5 GHz, which is consistent with the initial tracker
analysis in Chapter 3. Then the frequency was increased by 500 MHz six times with
the final frequency at 8 GHz. Therefore, a bandwidth of 3 GHz is analyzed, which
was assumed close enough to the 3.26 GHz of the previous section to provide
observable angle tracking improvement. As the target flew towards the radar, an
angle measurement was taken every 0.1 second or 25 m in ground range. At each
measurement, the error signals were calculated by the monopulse processor and
stored for all seven frequencies. Then an average of the 7 error signals was
computed and sent to the servo filter of the angle tracker. As described in Chapter
3, the angle tracker used a servo filter and a feedback gain that weighted the servo
filter output with the inverse of the discriminator curve slope to form the
beam-steering angles. The beam-steering angles repositioned antenna beams and
produced the angle track output.
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The target was tracked with the seven radar frequencies as it flew from 10 to
2.5 km in ground range. The angle track output (magenta curve) is plotted with the
true target angles (black curve) and the true image angles (blue dashed curve) in
Figure 5.4.
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Figure 5.4: Monopulse Angle Tracking - Frequency Agility Technique

Figure 5.4 consists of the angle track plot (magenta line), where multiple
frequencies were used to average the angle errors as previously described. From
initial track to about 4.8 km from the radar, the track follows the target angle
positions more closely than those of the image, but small perturbations are
observed. Once the target flies above 1 degree, the track follows closely to the target
angle positions. Thus, the angle track previously observed in Figure 3.15 has been
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improved. Similar to the smoothing technique, the frequency agility technique did
not completely mitigate the multipath effects of the image. However, it provided
relief from large angle track perturbations.

5.3

Double-Null Tracking

The ideal monopulse radar track must maintain the difference pattern null in
the direction of a single target. As observed in Figure 3.15, this process becomes
disrupted in the presence of multipath. However, a second null set at a lower
elevation angle than the null positioned in the direction of the target can decrease
the multipath effects in the angle track [20]. The second null is positioned in the
direction of the image. The position of the second null is calculated by Snell’s law of
reflection from a flat surface. For scenarios with curvature of the earth
considerations, the second null will not be positioned exactly in the direction of the
image but close enough to provide significant reduction of multipath interference. As
described in [20], this technique is not conventional monopulse but falls in the broad
scope since simultaneously received patterns produce a single angle measurement.

5.3.1

Simulation Results
According to [20], the double-null method can mitigate all effects of multipath

in ideal conditions, which is the case for this multipath study. Of note, it is assumed
that an operational tracker would use the last known target angle measurement
before multipath began to distort the track in order to begin the calculations
required to position the second null towards the image. Therefore, the first null was
96

positioned at the true target angle and the calculations using Snell’s law of reflection
of a flat surface followed for the second null position in the simulation of this
technique. As a result, the second null was placed in the direction of the image [21].
To form the two difference pattern nulls, the antenna is split into three equal
portions instead of the two equal halves of previous simulations in this thesis. The
radar sums up the received signals across each portion of the array. Then the upper
and lower voltage sums are added to form U+L, and the voltage sum of the lower
portion is subtracted from the voltage sum of the upper portion to form U-L. Then
the U+L signal is added to the voltage sum of middle portion of the array, M, to
form the sum signal, Σ, for the monopulse processor. The modified difference
pattern, ∆, is formed by combining U+L and U-L signals [20]. As shown in Figure
5.5, a difference pattern null is located at the target location, 0.5 degrees, and the
image location, -0.5 degrees, relative to the antenna boresight axis at the beginning
of track. The remainder of the angle track loop is consistent with the angle tracker
simulations in Chapter 3 in that the monopulse processor forms the error signals,
image

∆
Σ



, and the units of the monopulse outputs are converted to degrees for

beam-steering angles by the track loop feedback gain.
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Figure 5.5: Sum and Difference Patterns - Double-Null Technique

As the target flies toward the radar from 10 to 2.5 km in ground range, the
angle tracker measures the target at every 25 m. The angle track outputs (magenta
line) are plotted in Figure 5.6. The true angles of the target (black curve) and the
true angles of the image (blue dashed curve) are also plotted in Figure 5.6.
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Figure 5.6: Monopulse Angle Tracking - Double-Null Technique

As expected, the angle track of Figure 5.6 shows that the double-null
technique completely mitigates the multipath interference in this study. After
initialization of track, the track data follows closely with the true target angles.

5.4

Conclusions

According to this thesis research, there have been many approaches discussed
in literature regarding mitigating of angle errors associated with low-elevation target
tracking. These include techniques that do not require the radar to operate out of
its normal mode and are taken into consideration in the radar design when
low-elevation tracking is a performance requirement. When possible, a narrow
beamwidth is the best approach for mitigating the interference. At low elevations
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greater than a beamwidth, most of the image radiation will return to the radar in a
sidelobe and be less disruptive to the target track. Therefore, accurate track is
extended in elevation.
Direct techniques are those that require the radar to operate out of its normal
mode. Two of these approaches are described in this chapter and are techniques
that would require additional complexity and cost to the radar design. Although
the frequency agility approach was determined by simulation analysis to provide
significant reduction in beam-steering oscillations caused by multipath, the
frequency agility required to achieve these improvements may be unrealizable with a
single radar transmitter. An alternative to the frequency agility approach is the
double-null mitigation technique, which completely removed multipath in the
multipath scenario of this study and has been proven to significantly improve angle
accuracy in low-elevation tracking regarding an experimental radar according
to [20]. Using this approach, the linear array of this study was split into three equal
sections to create a second difference beam null, which was steered toward the
image based on Snell’s law of reflections of a flat surface. The double-null technique
requires a more complex signal processor than a standard angle tracking radar due
to the added computations required for the second null, but its implementation does
not change the monopulse processor. According the results presented in this
chapter, the double-null technique was the optimal and preferred mitigation
technique for this multipath study.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

This thesis investigated the effects of specular multipath interference in
low-elevation angle tracking. To analyze these effects, an angle tracker model was
simulated that used monopulse methods to track a constant speed, low-altitude
target. As the target flew toward the radar, the radar received the desired target
signals as well as signals reflected by the earth’s surface, which caused multipath
interference in the angle track of the target.
The angle track data was used to analyze the angle errors caused by the
multipath. As the target flew inbound from 10 km in ground range towards the
radar, these errors varied cyclically as the path-length difference between the target
and the image changed and disrupted the angle track. A relationship between the
radar frequency and the angle errors was also observed. The distance between error
cycles is inversely proportional to the frequency. Therefore, the angle track
oscillations became more rapid as the radar frequency increased. This property was
exploited in the frequency agility mitigation technique analysis by averaging the
angle errors across multiple frequencies, which reduced the multipath effects in the
angle track.
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Multipath effects in range tracking were also of interest. Therefore, a range
tracker that received a LFM pulse signal from both the target and the reflections
from the earth’s surface were simulated. The model used a digital signal processor
with a MF and range gates. An early-late gate approach was used to measure the
range errors, and an α − β filter was used as the track filter. The range track results
suggest that multipath does not significantly disrupt range track of a low-elevation
target. However, a combined range and angle tracker was simulated to determine
how the multipath would affect simultaneous angle and range tracks. The range
track was not significantly disrupted by the multipath, but the angle tracker
performance was significantly degraded. The angle tracker suffered loss of target
track and began tracking the image. The range errors, which were small but rapidly
fluctuating, may have degraded the angle tracking performance in comparison with
that of the single angle tracker.
Multipath mitigation techniques were simulated to determine the associated
improvements on the angle tracking performance. The first technique involved
reducing the servo filter bandwidth. This technique was simple and allowed for
normal radar operation. The oscillations in the angle track were smoothed, but the
track did not follow the true target track. This mitigation technique is sufficient
against non-maneuvering targets. The second technique was frequency agility. As
the radar frequency changed, the relative phase of the target and reflected signals
changed. Therefore, the monopulse processor formed a different angle error for each
frequency. The errors were averaged and sent to the tracker to update the angle
track and reposition the antenna’s beams. Like the servo filter bandwidth approach,
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the angle track was improved but the effects of multipath were not completely
eliminated. Also, this technique requires significant radar bandwidth that may not
be realizable. The third technique was the double-null difference pattern. Snell’s
law of reflection of a flat surface was used to position a second null in the monopulse
difference pattern that was lower than the first. The first null in the difference
pattern was located in the direction of the target. The position of the second null
was computed using the reflection calculation as it related to the last known target
angle. In an ideal scenario, the second null is in the direction of the multipath
reflection, and the multipath is completely mitigated. This was shown in Chapter 5.
Where the curvature of the earth must be considered, the second null is not exactly
positioned in the reflected signal direction. Instead, the contribution of the reflected
signal will be less than that of the target in the received signals. Therefore, the
multipath effects in the angle track will be reduced. Although the complexity and
costs differ with each approach, the single goal is to improve angle tracking accuracy
and prevent loss of track.
In terms of future work, diffuse multipath interference analysis with regard to
the combined range and angle tracker would be of interest. In particular, the diffuse
multipath error measurements could be compared to those of the specular multipath
interference introduced in this thesis. Also, the mitigation techniques could be
reinvestigated. Since most surfaces are not completely smooth or rough, a combined
analysis of specular and diffuse multipath interference could be applicable for
operational use.
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